Polymicrogyria is a malformation of cortical folding and layering underlying different cognitive and neurological manifestations. The polymicrogyric cortex has heterogeneous morphofunctional patterns, qualitatively described at magnetic resonance imaging (MRI) by variable severity gradients and functional activations. We investigated the link between abnormal cortical folding and cortical function in order to improve surgical planning for patients with polymicrogyria and intractable epilepsy. We performed structural and functional MRI on 14 patients with perisylvian polymicrogyria and adopted surface-based methods to detect alterations of cortical thickness (CT) and local gyrification index (LGI) compared with normal cortex (30 age-matched subjects). We quantitatively assessed the grade of anatomic disruption of the polymicrogyric cortex and defined its relationship with decreased cortical function. We observed a good matching between visual analysis and morphometric measurements. CT maps revealed sparse clusters of thickening, while LGI maps disclosed circumscribed regions of maximal alteration with a uniformly decreasing centrifugal gradient. In polymicrogyric areas in which gyral and sulcal patterns were preserved, functional activation maintained the expected location, but was reduced in extent. Morphofunctional correlations, evaluated along cortico-cortical paths between maximum morphologic alterations and significant activations, identified an interindividual threshold for LGI (z-value = −1.09) beyond which functional activations were no longer identifiable.
Introduction
Polymicrogyria is a malformation of cortical development that concerns the late stages of neural migration and postmigrational organization (Barkovich et al. 2012) . It is associated with abnormal cortical lamination of the cerebral cortex with the fusion of its middle and deep layers (Barkovich 2010a) and determines an increased number of secondary folds that produce an irregular cortical surface. Polymicrogyria may assume different topographic distributions usually involving an area of maximum severity (most often the perisylvian cortex) with a decreasing severity in the adjacent areas (severity gradient) (Leventer et al. 2010) . The polymicrogyric cortex is not totally disrupted and often maintains an intrinsic functionality (Innocenti et al. 2001; Janszky et al. 2003; Burneo et al. 2004; Araujo et al. 2006; Munakata et al. 2006; Dumoulin et al. 2007; Nikolova et al. 2015) . Functional studies in patients with polymicrogyria suggest variability in representation of cortical function, probably in relation to both the severity of anatomic disruption and the involved modality (Staudt et al. 2004; Guerrini and Barba 2010) . Therefore, polymicrogyria is an ideal model to evaluate whether the variability of the representation of cortical functions in different patients is related to the severity of the anatomic disruption (Guerrini et al. 2008) .
Recently, surface-based approaches have demonstrated the potential to provide a realistic representation of the abnormal infolding architecture of the polymicrogyric cortex (Oliveira et al. 2010 ) and better define the extent of the cortical malformation in comparison with the mere visual inspection (Im et al. 2013) . By surface-based approaches, localized alterations of cortical thickness (CT) or gyrification have been revealed in association with several pathologies (Rosas et al. 2002; Sailer et al. 2003; Salat et al. 2004; Palaniyappan and Liddle 2012; Treble et al. 2013; Violante et al. 2013; Anurova et al. 2014; Ecker et al. 2015; Favaro et al. 2015) . Cortical thickness is the result of neural migration/postmigrational organization (Rakic 1988) , gray-matter (GM) pruning (Huttenlocher 1990) , and myelination (Sowell 2004) . The gyrification index (GI) describes the gyralsulcal configuration (Zilles et al. 2013) and is related to the degree of cortical infolding (White et al. 2010; Hogstrom et al. 2013; Shimony et al. 2016) .
The surface-method approach has been also exploited to explore the representation of the functional activation on cortical surfaces in previous studies on functional reorganization of primary somatosensory cortex in carpal tunnel syndrome (Maeda et al. 2014 ) and on alterations in CT caused by early visual deprivation and their relationship with cortical activity in the early blind (Anurova et al. 2014) . However, no studies have correlated the severity of anatomic disruption of the polymicrogyric cortex to its functional activation using a surface-based approach so far.
In this study, we used advanced surface models to assess the grade of morphological disruption of the polymicrogyric cortex and defined its relationship with functional activation. We were specifically interested in assessing whether an interindividual threshold for morphometric alterations could be defined beyond which the cortex does not have significant functional magnetic resonance imaging (fMRI) responses. As polymicrogyria can be associated with drug-resistant seizures (Guerrini and Dobyns 2014) , the understanding of the functional characteristics of the malformed cortex might help plan the best strategy for an effective and safe surgical treatment of epilepsy (Duncan et al. 2016; Cossu et al. 2016 ).
Materials and Methods

Participants
We consecutively enrolled all patients with polymicrogyria evaluated at the Neuroscience Department of Meyer Hospital (Florence) between 2009 and 2016 who were able to perform fMRI according to the established protocol (see below). Exclusion criteria were 1) absent informed consent; 2) any contraindication to MRI; 3) a cortical disruption too severe to allow using the surface-based method, as a cortex severely disrupted by heterotopic areas or schizencephalic clefts has not the coherent geometrical properties (i.e., a spherical topological structure) to be reliably analyzed using surface approaches (Fischl et al. 1999a) .
MRI data were collected from 14 patients with perisylvian polymicrogyria involving the sensorimotor area. Clinical details are summarized in Supplementary Table 1 . In order to deal with developmental effects on morphometric measurements (Mills et al. 2016) , patients were subdivided into three subgroups according to age: 4 children (age 8-13 years), 4 adolescents (13-18 years), and 6 adults (18-29 years). We enrolled 10 age-matched controls with normal MRI for each of the above-mentioned age groups (30 totals). Seventeen of the 30 controls had undergone brain MRI due to slight sensorineural hearing loss; 4 for headache and 9 were healthy volunteers. As fMRI controls, we included 10 additional individuals with cryptogenic epilepsy. Demographic information on all participants is summarized in Supplementary Table 2 . This study was approved by the Pediatric Human Research Ethics Committee of Tuscany Region (Italy) and written informed consent for MRI procedures was obtained from all participants.
Data Acquisition
All patients with polymicrogyria and controls underwent structural 3 T MRI between 2009 and 2016 according to the same acquisition protocol. MRI acquisitions were performed with a 3-T scanner (Excite HDx, GE Medical Systems), equipped by 8 channels head coils. Standard diagnostic sequences included T 2 -weighted Fluid Attenuation Inversion Recovery, T 2 -weighted Fast Spin-Echo, T 2 *-weighted Gradient-echo (GRE), and T 1 -weighted 2D acquisitions.
A 3D T 1 -weighted fast-spoiled gradient echo (FSPGR) sequence of the whole brain was acquired on axial plane for the surface-based analysis (time repetition Patients with polymicrogyria and those with cryptogenic epilepsy also performed functional MRI. BOLD images were acquired to collect fMRI data (Echo Planar Imaging GRE sequence: TR/TE 2500/40 ms, flip angle 90°, matrix size 128 × 128, FOV 24 cm, inplane spatial resolution = 1.8 mm, slice thickness = 4 mm). We designed a block paradigm to obtain 72 phase volumes of 30 contiguous 4 mm/0gap thick axial slices (acquisition time 3 min, 13 s). Each period of the block design (20 s rest -20 s task) was repeated 4 times with a final rest phase. The first epoch always lasted 4 acquisitions (13 s) more than the others to allow the signal to stabilize (steady state) and this initial period was not considered from any analysis. Patients kept their eyes closed; ambient scanner noise was constant in baseline and activation phases. The fMRI protocol included 3 tasks: motors tasks for both hands and feet, and somatosensory stimulation of the hands. The motor task was obtained asking the subjects to perform a continuous self-paced opposition of fingers to the thumb or a flexion-extension of the foot. The motor task was alternated with a resting condition (no task). The somatosensory stimulation was performed as previously described (Guzzetta et al. 2007 ). Palm and fingers were passively stimulated by an external operator at a frequency of about 1 Hz with a soft brush waved for covering the palm folds.
To evaluate task compliance, patients were trained before scanning. Patients were excluded from the analysis if there were head motion distortions and scanner artifacts.
In 6 patients, we also performed structural 7 T MRI (Discovery MR 950 scanner; GE Healthcare, Nova Medical), including 3D T 1 -weighted FSPGR and 3D susceptibility-weighted angiography (SWAN) sequences.
Data Analysis
Visual Analysis All 3 T MR images were independently assessed by 3 reviewers and later as a group to reach a consensus for eligibility.
Polymicrogyria was diagnosed with fulfillment of the combination of the following criteria: 1) the cortex had an irregular surface and an abnormal gyral pattern, 2) the cortex appeared overfolded or thickened, and 3) the cortical GM-white matter (WM) interface was irregular (Leventer et al. 2010) . We reviewed all images for the following findings: 1) topographic pattern of polymicrogyria; 2) lateralization (unilateral or bilateral).
We classified each lobe of either hemisphere as "polymicrogyric" (if involved in polymicrogyria) or "normal" (if not involved in polymicrogyria) at 3 T MRI. An expert neuroradiologist manually defined lesion masks on 3 T MR images of all 14 patients. Two experts with longstanding experience in epilepsy imaging validated the lesion masks through consensus.
Surface-Based Analysis
Surface-based analysis was performed on 3 T MR images. We performed cortical surface reconstruction of T 1 -weighted images of each subject using the semiautomated approach of the Freesurfer processing pipeline (version 5.3.0, http://www.surfer. nmr.mgh.havard.edu), in order to reconstruct the WM/GM ("white" surface) and the GM/cerebrospinal fluid (CSF) ("pial" surface) boundaries (Fischl 2012) . Cortical surfaces are inflated, registered to a spherical atlas and "parceled" to identify different gyral and sulcal regions (Desikan et al. 2006 ). White, pial, and "inflated" surfaces are represented by a mesh of vertices and each vertex has a coordinate in the 3D anatomical space.
We calculated CT and GI for each vertex of the cortical surfaces. CT was measured as the mean distance between the white and the pial surfaces (Fischl and Dale 2000) . The cortical gyrification was assessed by the local gyrification index (LGI) (Schaer et al. 2008) , which locally measures the ratio between the quantity of the infolded cortex and the "outer" surface that envelopes the hemisphere.
We projected the lesion masks defined by visual analysis on cortical surfaces and assessed their extent.
Morphologic Analysis
For each of the 3 age-matched control groups, we performed intersubject averaging, to build an average surface of the cortex ("template") for both hemispheres separately. Each patient was registered onto the relative template using a spherical coordinate system (Fischl et al. 1999b) , as a propaedeutic step for the statistical comparison between each patient and the relative template. Registration was visually inspected to ensure accuracy and corrected if necessary. CT and LGI maps were smoothed using Gaussian kernel (full width at half-maximum [FWHM] = 15 mm) and then registered on the template surface.
We compared each patient with the template by a general linear model (GLM) with a two-tailed paired t-test, in order to detect differences in CT and LGI for each hemisphere. Cortical maps were clustered and corrected for multiple comparisons using a Monte Carlo simulation (1000 iterations, z = 1.3, P < 0.05). For both CT and LGI, we measured the surface area of the most significant cluster and extracted the location and the z-values of its peaks. For each hemisphere, we considered only the clusters where the alteration of CT and LGI was most significant and we defined it as the "morphometric region of interest (ROI)."
We compared polymicrogyria as assessed by qualitative visual analysis and quantitative assessment through lesion masks with the topography of the morphometric abnormalities defined by the surface-based method.
Functional Analysis
We performed the preprocessing and the statistical analysis of 3 T fMRI data by FSL software (version 5.0.8, http://www.fmrib. ox.ac.uk/fsl). FMRI volumes were preprocessed for motion and slice-timing corrections, high-pass filtered (cut-off period = 90 s), spatially smoothed (FWHM = 5 mm). Univariate statistical analysis was performed using a GLM with a task-related regressor (boxcar of the block design) convolved with a single gamma function (Feat, Jenkinson et al. 2012) . Functional z-maps were corrected for multiple comparisons (z = 2.3, P < 0.05), coregistered to the T 1 -weighted MRIs, projected onto the structural surfaces of the subject, remapped on the template hemisphere and smoothed with a Gaussian kernel (FWHM = 5 mm). Registration was visually inspected to ensure accuracy. We applied a cluster analysis on the activations maps using a tailored threshold for each subject, in order to quantitatively compare the reliability and the strength of the fMRI responses in different subjects.
We considered the "functional ROI" as the most significant cluster defined over each hemisphere of the template surfaces. As achieved for morphometric ROIs, for each functional ROI we measured the surface area and extracted the location and the z-value of the peak. At first, we singularly considered each hemisphere of the patients and we classified it into 2 subgroups according to Supplementary Table 3: the group of "normal hemispheres" (in the following labeled as "NORM," 7 cases, i.e., the normal hemispheres of the patients with unilateral polymicrogyria at 3 T), and the group of "polymicrogyric hemispheres" (labeled as "PMG," 21 polymicrogyric hemispheres, 1 for each patient with unilateral polymicrogyria and 2 for each patient with bilateral polymicrogyria). Then, for each hemisphere, we considered the functional ROI obtained by the functional task contralateral to the hemisphere. For example, in the left hemisphere we analyzed the functional ROI generated by the righthand motor task. The same procedure was performed for all functional tasks and also for the group of individuals with cryptogenic epilepsy (henceforth labeled as "CRYPTO").
Correlation Between Morphologic and Functional Analyses in the Polymicrogyric Hemisphere
Once the morphometric abnormality and the functional activation maps were assessed on the template surface, and the peaks of the most significant clusters were located, we calculated the shortest path of vertices along the cortical surface that connected the peak of the morphometric cluster to the functional one (Fig. 1) . The path represented a preferential direction along which we investigated the effect of the morphological severity gradient on the functional capabilities of the cortex. We split the vertices of the path that belonged to the functional cluster (further labeled as "inROIfunc" vertices) from the vertices that did not show a significant functional activation (labeled as "outROIfunc"). We measured the geodesic distance (i.e., the distance on the cortical surface) between the morphometric and the functional peaks. We repeated the pathfinding and the following procedures (splitting and distance measurement) for each couple of morphometric (CT, LGI) and functional clusters. For the correlation measurements, the cluster analysis of the CT and LGI maps was exploited only for the localization of peaks, and the z-values measured along the path were not influenced by the threshold used for cluster analysis. The correlation between the functional activation and the morphometric alteration was performed only for the polymicrogyric hemispheres as defined by the visual analysis at 3 T.
We correlated the distance between the morphometric and the functional clusters with the area of the functional cluster in order to assess whether the morphometric cluster representing the malformed cortex reduced the capacity of the cortex to be activated.
We compared the morphometric (CT, LGI) z-values of outROIfunc vertices to z-values of inROIfunc vertices and to the zvalues of the functional ROI in NORM and CRYPTO hemispheres.
We performed a receiver operator characteristic (ROC) analysis (Statistics Toolbox 9.0, Matlab R2014a, The MathWorks Inc.), to evaluate whether a morphometric alteration of CT and LGI was a general predictor for the loss of function of the cortex.
Results
Visual Analysis
On 3 T MRI, perisylvian polymicrogyria was unilateral in 7 patients and bilateral in the remaining 7 (Supplementary  Table 3 ). Six (no. 5-10) out of seven patients with unilateral polymicrogyria had multilobar involvement, while only a portion of the Sylvian fissure was involved in the remaining one (no. 1). On the basis of visual inspection, all patients showed at least a portion of the polymicrogyric cortex extended in the hypothetical sensory-motor areas ( Supplementary Fig. 1 ). The extent of lesion masks defined on 3 T MRI and projected on cortical surfaces is indicated in Supplementary Table 3. 7 T MRI revealed additional details to 3 T MRI and more extensive areas of polymicrogyria in all the 6 patients who underwent it (Supplementary Table 3 ). In particular, 3 patients (no. 5, 9, and 10), who had been classified as having unilateral polymicrogyria at 3 T, exhibited bilateral involvement at 7 T (Fig. 2) .
Morphologic Analysis
The surface-based method correctly reconstructed both the normal and malformed cortex (Fig. 3A-C) for all patients. CT and LGI were measured for the total number of vertices of the cortical surfaces (Fig. 3D,E) , and the statistical analysis highlighted the regions of the cortex with significantly abnormal thickness and gyrification (Fig. 3F,G) . The characteristic severity gradient of the polymicrogyric cortex (i.e., the gradual increase of cortical thickening and reduction of GI) was accurately localized and quantified by the method (Fig. 3F,G) . In particular, the assessment of the LGI detected the regions where the sulcation assumed an atypical pattern ( Fig. 3 and Supplementary  Fig. 2) .
The cluster analysis of the CT and LGI maps disclosed the area of the cortex where the values were significantly different compared with the template (Supplementary Table 4) . All the most significant clusters of the polymicrogyric cortex revealed an increase of the CT and/or a reduction of the LGI.
Overlaying lesion masks on morphometric maps by a surface-based approach allowed a comparison between qualitative visual analysis, quantitative assessment through lesion masks and morphometric results (Figs 2 and 3) . We observed a good matching between qualitative visual and morphometric approaches, as the peak of CT and LGI cluster maps was located within the region deemed to be malformed by visual analysis at 3 T (Supplementary Tables 3 and 4) . For a quantitative approach, we compared the extent of the lesion masks and the area of abnormal morphometry (Supplementary Table 3 ). The extent of the cortex deemed as polymicrogyric by quantitative assessment through lesion masks was on average greater (18.4%) than the cortex showing significant thickening. The area of reduced gyrification was greater (17.8%) than the area considered abnormal by quantitative assessment. The surface-based method revealed altered CT and/or LGI values in the hemisphere deemed normal at 3 T in 6 patients (no. 1, 5-9). Visual analysis on 7 T MRI revealed the same bilateral representation of polymicrogyria in 2 patients (no. 5 and 9, Fig. 2 ). In 1 patient (no. 1), a reduced GI detected in the left frontal operculum was not associated with polymicrogyria as visually assessed on both 3 and 7 T.
Functional Analysis
We used the surface-based analysis to represent the functional activations superimposed on the cortical surfaces ( Supplementary  Fig. 3 ). Detailed results of the most significant clusters (i.e., location, z-value and area of each functional ROI) are summarized in Supplementary Table 5. In the functional ROI, for the fMRI activations of each task, we observed that the cortex on the polymicrogyric hemispheres was featured by slightly increased CT (95% confidence interval [CI] [0.51, 0.53] mm, P < 0.0001 for handmotor task, Supplementary Fig. 4A ) and reduced LGI (95% CI [−0.32, −0.31], P < 0.0001, for hand-motor task, Supplementary  Fig. 4D ) with respect to the normal hemispheres. This trend was confirmed comparing polymicrogyric with cryptogenic hemispheres (95% CI [0.57, 0.59] mm, P < 0.0001 for hand-motor task in CT, Supplementary Fig. 4A ; 95% CI [−0.58, −0.57] mm, P < 0.0001 for hand-motor task in LGI, Supplementary Fig. 4D ). We observed that the areas of functional activation on the polymicrogyric hemispheres were smaller than in normal hemispheres for the hand-motor task (95% CI [−2596.24, −796 .62] mm 2 , P = 0.0007, Supplementary Fig. 5A ), but the comparison was not statistically significant for the remaining tasks (P = 0.2522 for foot-motor task, Supplementary Fig. 5B ; P = 0.8176 for hand-somatosensory task, Supplementary Fig. 5C ). For hand-motor task, the same trend was confirmed comparing the polymicrogyric hemispheres with cryptogenic ones (95% CI [−2357.72, −631 .27] mm 2 , P = 0.0014, Supplementary Fig. 5A ). The z-values of the peaks of the functional clusters ( Supplementary Fig. 5D-F ) of polymicrogyric hemispheres were not significantly different from normal hemispheres (95% CI [−3.38, 0.47] , P = 0.1335, for hand-motor task, Supplementary Fig. 5D ). (z-value, green-blue colormap) and the functional activation during a motor task (z-value, red-yellow colormap). The peak of the morphometric cluster (white circle) is linked to the peak of the functional cluster (blue square) by the blackyellow line that represents the shortest path on the cortical surface. The path is split into activated (yellow line, inROIfunc) and not activated (black line, outROIfunc) vertices. We assessed the shortest cortical path using an implementation of the Dijkstra's algorithm ("mris_pmake" command of Freesurfer).
Correlation Between Morphologic and Functional Analyses in the Polymicrogyric Hemisphere
Once reconstructed the geodesic path between the morphometric and the functional peaks, we compared the morphometric (CT, LGI) z-values of the vertices of the path that disclosed a significant fMRI activation (inROIfunc vertices) with the z-values of the vertices of the path that disclosed a non-significant fMRI activation (outROIfunc vertices). For motor and somatosensory tasks of the hand, we found a highly significant CT increase in the outROIfunc vertices with respect to the inROIfunc ones (95% CI [1.41, 1.70], P < 0.0001 for hand-motor task, Fig. 4A ). Likewise, we observed a highly significant LGI reduction in the outROIfunc with respect to the inROIfunc for all the fMRI tasks (95% CI [−1.50, −1.21], P < 0.0001 for hand-motor task, Fig. 4D ). If compared with NORM and CRYPTO hemispheres, cortical measurements of the inROIfunc resulted comparable for both the CT Figure 2 . Visual and morphologic surface-based analysis of a patient with unilateral (left) polymicrogyria (no. 9). Axial (A) and magnified (B,C) 3 T MRIs with superimposed the lesion mask (green overlay) and the white (blue line), pial (red line) and outer (yellow line) surfaces calculated using Freesurfer; axial (D) and magnified (E,F) 7 T SWAN MRIs; white surface of the left (G) and right (H) hemispheres with superimposed the CT map (blue-red colormap); left (I) and right (J) inflated surfaces of the template with superimposed the projection of the lesion mask (white line) and the z-value map of CT (blue-red colormap). The patient had been classified as having left perisylvian polymicrogyria at 3 T (A and C, arrowheads), as confirmed also at 7 T (D and F, arrowheads) and by cortical thickening (G and I). We observed a significant area of thickening in the right frontal operculum (H and J, arrows) which was also revealed at 7 T (D,E). To project the volumetric lesion mask on the cortical surface, we considered the intersection between the volumetric mask (A and C, green overlay) and the white surface (A-C, blue line). The white lines (I) describe the border of the area classified as polymicrogyric by the visual analysis. The lobar involvement and the extent revealed by visual and morphometric approaches were comparable in this patient (306.7 cm 2 detected by visual analysis, 375.1 cm 2 with increased CT, 382.6 cm 2 with lower GI, Supplementary For the hand-motor task only, we found a significant positive correlation between the areas of the functional ROI and the distance between the morphometric (CT and LGI) and the functional ROI (ρ = 0.78, P < 0.001, for the CT, Supplementary Fig.  6A ; ρ = 0.73, P < 0.001, for the LGI, Supplementary Fig. 6D ).
The ROC analysis ( Fig. 5 and Supplementary Table 6) highlighted that the LGI reduction corresponded to a reduced functionality of the cortex (ROC area 0.78, hand-motor task, Fig. 5A ; ROC area 0.75, sensory-hand task, Fig. 5C ). The optimal interindividual diagnostic cut-off (threshold) for LGI was z = −1.09 for the hand-motor task (sensitivity 0.74, specificity 0.77, diagnostic OR 6.50, CI [5.38, 7.86] ). For CT, the results were less accurate (ROC area 0.78, hand-motor task; ROC area 0.58, hand-sensory task).
Discussion
In this study, we investigated the relationship between the polymicrogyric cortex and its functionality and demonstrated a correlation between severity of anatomical disruption and decreased cortical function. We identified, limitedly to hand-motor tasks, shrinking of functional areas that was positively correlated to their distance from the peak of morphological disruption.
Despite its heterogeneous etiology (Barkovich 2010b ) and histopathology (Judkins et al. 2011) , polymicrogyria represents an interesting model for a combined structural and functional imaging study of malformed cortex, as it frequently involves circumscribed regions of the brain with no or mild impairment of cognitive functions (Galaburda 2005) . As a consequence, a subgroup of patients with polymicrogyria can perform task-based functional imaging studies, with potentially relevant clinical implications for assessing specific cognitive abilities, such as in patients with dyslexia (Barkovich 2010a) , or the presurgical evaluation of patients with intractable epilepsy (Ramantani et al. 2013; Wang et al. 2015) .
Morphologic Analysis
A main result of this study is the quantitative assessment of the severity gradient described by Leventer and colleagues (2010) on the basis of the visual analysis of polymicrogyria at MRI. For morphometric measurements, we adopted a wellvalidated surface-based method (Fischl 2012 ) capable of reconstructing the cortical surface with a submillimeter accuracy. Freesurfer has been largely used to evaluate morphometric alterations in several pathologies and syndromes (Rosas et al. . If compared with control subjects, the increment of CT (F) and the reduction of LGI (G) were significant, with z-value = 9.13 in CT and z-value = −4.41 in LGI (regions are indicated by black arrows). We observed the maximum severity (maximum cortical thickening and maximum reduction of LGI) near to the frontal operculum, with a decreasing severity gradient toward the parietal and temporal lobes. We observed a good matching between the lesion mask defined by visual analysis (indicated by white lines) and the cluster of morphometric alteration. In this subject, the extent revealed by visual and morphometric approaches was comparable between visual analysis (344.9 cm 2 ) and GI (382.5 cm 2 ), but lower for CT (272.3 cm 2 ) (Supplementary Table 3 ). . ROC curves for hand-motor (A), foot-motor (B) and hand-somatosensory (C) fMRI tasks. For the curve, we considered the vertices along the cortical path and adopted the alteration of CT (Fig. 4A-C) and LGI ( Fig. 4D-F) as predictors and the fMRI activation as outcome. The test confirmed discrete power to discriminate the nonfunctionality of cortex by assessing the reduction of LGI (normal line). The test on CT (dash-dot line) was less accurate (Supplementary Table 6 ).
2002; Sailer et al. 2003; Salat et al. 2004; Schaer et al. 2008; Palaniyappan and Liddle 2012; Ecker et al. 2013; Treble et al. 2013; Violante et al. 2013; Favaro et al. 2015) . The nonlinear alignment provided by Freesurfer (Fischl et al. 1999b ), corroborated by visual inspection and manual correction, allows robust registrations of the malformed cortex onto the template (Oliveira et al. 2010; Im et al. 2013) . To validate the surface approach, we compared morphometric alterations with the extent of the polymicrogyric cortex as assessed by visual analysis on 3 T MRI. The surface-based method detected larger lobar involvement in 10/14 patients, thus demonstrating a higher sensitivity compared with visual analysis in uncovering subtle abnormalities, as previously described (Bernasconi et al. 2011; Thesen et al. 2011; Martin et al. 2015; Kini et al. 2016) .
From the quantitative comparison, we observed that the GI tended to reveal abnormalities in a wider portion of cortex if compared with visual analysis, while cortical thickening seemed to affect only a portion of the polymicrogyric cortex. Although cortical thickening is quantifiable, with considerable limitations, even on 2D MR images (Fischl and Dale 2000) , irregular sulcation is hardly assessed by visual analysis, especially in patients with bilateral involvement, for whom no contralateral normal hemisphere is available for visual comparison. Conversely, the computational analysis detected the abnormality, described the grade of alteration and quantified the severity gradient of the polymicrogyric cortex. For a further validation, 6 patients also underwent 7 T MRI, which confirmed the results of surface-based approach in 5 of them. Adopting the surface-based method, we assessed that the polymicrogyric cortex had increased thickness and reduced GI. Cortical thickness describes the level of maturation of the GM during brain development (Gogtay et al. 2004; Sowell 2004) , and specific patterns have been associated with progressive myelination and synapse elimination in normal brains (Zhou et al. 2013; Koelkebeck et al. 2014) . In polymicrogyria, increased CT highlights the irregular cortical lamination. Our findings demonstrate that the thickening involves partially the malformed cortex, with sparse clusters of maximal thickening. Oliveira et al. (2010) , using a surface-based approach in 3 patients with polymicrogyria, highlighted the increased thickness in the polymicrogyric cortex and its reduction in areas of apparently normal cortex. As we did not find any thickness reduction in our patients, we cannot confirm these findings.
Gyrification index is related to the degree of infolding (Savin et al. 2011; Zilles et al. 2013; Ronan et al. 2014; Tallinen et al. 2014 Tallinen et al. , 2016 and describes the gyral-sulcal configuration at different stages of cortical development (White et al. 2010; Hogstrom et al. 2013; Shimony et al. 2016) . Local GI allows a precise identification and localization of even subtle gyral abnormalities of cortical infolding (Schaer et al. 2008; Wallace et al. 2013) . Previous studies on patients with 22q11.2 deletion syndrome reported mild polymicrogyria associated with LGI reduction (Schaer et al. 2009; Kunwar et al. 2012; Srivastava et al. 2012) combined to thickness increase (Schmitt et al. 2015) . Polymicrogyria influences the infolding process at late stages of fetal development and determines a disorder of fissures and sulci (Leventer et al. 2010) , resulting in an overall simplified pattern (Jansen et al. 2016) . A reduced number of sulci determines an actual reduction of the area of infolded cortex and of values of gyrification.
Although both CT and LGI measurements were able to quantify significant morphometric properties of the polymicrogyric cortex, LGI maps appeared to better represent the severity gradient of the malformation compared with CT maps. First,
LGI maps disclosed circumscribed regions of maximal alteration with a uniform decreasing centrifugal trend while CT maps revealed sparse clusters of thickening, unevenly distributed. Moreover, the polymicrogyric cortex at MRI appears thin in newborns and young infants, but slightly thick after complete myelination due to the MRI resolution at 3 T (around 1 mm), that is insufficient for discriminating the large number of folds in polymicrogyria (Lüsebrink et al. 2013; De Ciantis et al. 2015) . Histopathological studies have demonstrated a derangement of the normal 6-layered lamination, likely resulting as a consequence of disruption of the pial limiting membrane (Jansen et al. 2016) , and producing a thin cortex with an irregular and blurred GM-WM junction (Barkovich 2010a ). Since CT is evaluated by the distance between white and pial surfaces and the segmentation of white surface is influenced by the contrast at the GM-WM junction (Fischl and Dale 2000) , the accuracy of CT measurements might be lower in polymicrogyria.
LGI is the ratio between the areas of pial surface and outer surface in a circular region.
LGI locally quantifies the grade of sulcal simplification of the cortical surface but can be affected by smoothing effects that might overestimate abnormal areas. When reconstructing microscale folds, MRI blurring can affect the pial surface in the polymicrogyric cortex, which might appear fused due to insufficient resolution. Nevertheless, we observed a good matching between qualitative and quantitative visual assessment and morphological analysis, thus validating the results of the surface-based method.
Functional Analysis
We assessed the functional patterns of polymicrogyria and compared the functional activations of the polymicrogyric with those of normal cortices. We found that functional areas on polymicrogyric hemispheres were reduced in extent and maintained the expected location, if the gyral and sulcal patterns were preserved. This is in line with previous fMRI studies which indicated that the polymicrogyric motor areas might preserve functionality in the expected sites (Innocenti et al. 2001; Janszky et al. 2003; Araujo et al. 2006) , with a narrowing of activated areas (Burneo et al. 2014; Nikolova et al. 2015) . We also found that, for hand-motor tasks, the grade of reduction of the area of activated cortex was positively correlated to the cortical distance between the peaks of functional activation and morphometric alteration.
Correlation Between Morphologic and Functional Analyses in the Polymicrogyric Hemisphere
As a third step, we combined the morphometric severity gradient with functional patterns by a statistical approach to correlate the grade of anatomic disruption as quantified by CT and LGI with the BOLD activity of the cortex. In order to determine a threshold for morphometric alterations beyond which the cortex did not have significant fMRI responses, we traced the shortest cortical path connecting the most significant CT and LGI alterations with the most significant functional activations. The cortical path analysis has already been used to describe abnormal cortico-cortical connectivity in autism spectrum disorder (Ecker et al. 2013) and to investigate the patterns of functional reorganization of the primary somatosensory cortex in carpal tunnel syndrome (Maeda et al. 2014 ). The cortical path was the preferential line of view along which we observed the gradual decrease of the malformative severity gradient, and the gradual increase of significance of the functional activation.
Using this approach in polymicrogyria, we identified a statistical interindividual threshold for LGI (z-value −1.09 in the hand-motor task) beyond which functional activations were no longer identifiable. We also observed no significant thickening or reduced gyrification in the activated areas of the polymicrogyric cortex. The same approach is potentially exploitable to describe the correlation between morphometric alterations and functional patterns in other malformations of cortical development. In lissencephaly, for example, different patterns of malformative gradients have been associated with mutations of different genes (Barkovich et al. 2012 ). In our study, finding a critical threshold independent from a specific etiology promotes the idea that polymicrogyria "represents a common endpoint of a variety of aberrations of cortical development" (Squier and Jansen 2014) and can be a suitable model for studying the morphofunctional patterns of activation of cortical development in malformations (Guerrini et al. 2008) .
Previous studies disclosed a disarrangement in the WM structure underlying the polymicrogyric cortex (Trivedi et al. 2006; Bonilha et al. 2007; Saporta et al. 2011; Im et al. 2014; Andrade et al. 2015; Paldino et al. 2015 Paldino et al. , 2016 ) and a corresponding lower capability to recruit neurons in functional activation (Munakata et al. 2006) . A similar mechanism may explain the correlation between an altered gyrification and a reduced functional activation in the polymicrogyric cortex.
Conclusions
Our study has some limitations. We included 14 patients of different ages and performed the functional analysis considering the entire group as a whole. The statistical analysis conducted along the cortical path could be biased by the inclusion of vertices that were not activated because they were not involved in the fMRI task. Results may be also influenced by intrinsic weaknesses of BOLD analysis (Handwerker et al. 2004; Friedman et al. 2008) .
Although these biases might have produced a slight reduction of specificity, we could identify a statistical intersubject threshold with a discrete diagnostic yield and correlate the severity of cortical disruption with functional activations. Improved results will be achievable adopting ultrahigh-field protocols for morphometry and fMRI that have demonstrated increased spatial resolutions (Lüsebrink et al. 2013; De Ciantis et al. 2015) and signalto-noise ratios (Poser and Norris 2009; Ugurbil 2012) .
A better comprehension of the grade of malformative patterns beyond the visual detection and of its relationship with functional activation might open new scenarios for targeted surgical solutions in pharmacoresistant epilepsy (Bernasconi et al. 2011; Thesen et al. 2011; Kini et al. 2016 ) by better guiding invasive recordings and mapping eloquent cortical areas for surgical planning (Wang et al. 2015) .
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